Whooping cough, or pertussis, is a contagious disease of the respiratory tract that is reemerging worldwide despite high vaccination coverage. The causative agent of this disease is the Gram-negative Bordetella pertussis. Knowledge on complement evasion strategies of this pathogen is limited. However, this is of great importance for future vaccine development as it has become apparent that a novel pertussis vaccine is needed. Here, we unravel the effect of Virulence associated gene 8 (Vag8) of B. pertussis on the human complement system at the molecular level. We show that both recombinant and endogenously secreted Vag8 inhibit complement deposition on the bacterial surface at the level of C4b. We reveal that Vag8 binding to human C1-inhibitor (C1-inh) interferes with the binding of C1-inh to C1s, C1r and MASP-2, resulting in the release of active proteases that subsequently cleave C2 and C4 away from the bacterial surface. We demonstrate that the depletion of these complement components in the bacterial surrounding and subsequent decreased deposition on B. pertussis leads to less complement-mediated bacterial killing. Vag8 is the first protein described that specifically prevents C1s, C1r and MASP-2 binding to C1-inh and thereby mediates complement consumption away from the bacterial surface. Unravelling the mechanism of this unique complement evasion strategy of B. pertussis is one of the first steps towards understanding the interactions between the first line of defense complement and B. pertussis.
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Introduction
The Gram-negative Bordetella pertussis is the causative agent of whooping cough, or pertussis, which despite high vaccine coverage has been re-emerging in the past decades posing a continuous global health problem. One of the possible reasons for this re-emergence is pathogen adaptation [1] . At present, over 90% of the circulating strains carry the pertussis toxin promotor (ptxP) 3 allele which has replaced the previously circulating ptxP2 strains on which our current vaccines are based [1, 2] . These ptxP3 strains express more pertussis toxin (Ptx) and have been shown to be associated with increased severity of disease [3, 4] . Virulence associated gene 8 (Vag8) is an autotransporter of B. pertussis that is synthesized as a 95 kD precursor protein and is further processed to a channel and a passenger domain [5] . The passenger domain of autotransporters can subsequently be cleaved and thus secreted by the bacteria. Alternatively, the passenger domain can be retained on the bacterial membrane as well as be present on outer membrane vesicles (OMVs). It was previously shown, that 34% of the protein content of OMVs is Vag8 [6] . The approximately 60 kDa passenger domain of Vag8 has been shown to bind C1-inhibitor (C1-inh) and has been suggested to be involved in complement evasion [7] . It was shown that a vag8 mutant was more susceptible to complement-mediated killing compared to the isogenic wild type strain, however, the molecular mechanism of Vag8 mediated complement evasion of B. pertussis was not studied [7] . Interestingly, Vag8 is expressed 1.7 to 3.8 fold more by the newly emerging ptxP3 strains compared to older strains [8, 9] . The need for a novel or improved pertussis vaccine has become evident due to re-emergence of this vaccine preventable disease in the past decades [10] . To this end, complement evasion molecules, such as Vag8, have been proposed as potential vaccine components [11, 12] . However, to evaluate the potential of Vag8 to serve as a vaccine candidate, it is important to understand its molecular mechanism.
The complement system, active mainly in plasma but also on respiratory mucosal surfaces, is the first line of defence against invading pathogens [13] . Complement can be activated via three different pathways: the classical pathway (CP), the lectin pathway (LP) and the alternative pathway (AP) [14] . The CP is initiated by the recognition of antigen-antibody complexes by the C1 complex [15, 16] . The proteases of the active C1 complex cleave C4 and C2 resulting in the formation of the C3 convertase (C4b2a) [17] . Activation of the LP is initiated by the recognition of sugar patterns by mannose-binding lectin (MBL), ficollins and collectins, which are associated with MBL-associated serine proteases (MASPs) [18] . The proteases of the MBL/ MASP complex, which has an architecture similar to the C1 complex, can also cleave C4 and C2 giving rise to the C3 convertase (C4b2a) [18] [19] [20] [21] . The AP can be activated spontaneously and additionally functions as an amplification loop for the former two pathways [14] . Upon its activation, the specific AP C3 convertase (C3bBb) is formed [14] . Cleavage of C3 by either one of the C3 convertases results in the generation of C3b, which deposits on the bacterial membrane and is important for bacterial phagocytosis as well as the formation of the C5 convertase of the CP/LP (C4b2aC3b) and the C5 convertase of the AP (C3bBbC3b) [22, 23] . The C5 convertases can cleave C5 resulting in the generation of the chemoattractant C5a and C5b which is the first building block of the membrane attack complex (MAC) [22] . The MAC forms a pore in the bacterial membrane of Gram-negative bacteria and subsequently results in bacterial killing [24] .
Evasion of the complement system is a wide spread survival strategy used by many bacterial pathogens [25] . Bacteria are known to implement different mechanism to circumvent complement-mediated killing such as the secretion of small evasion molecules, as well as proteases that can cleave complement proteins. Bacteria can also stimulate regulatory cross-talk between Toll-like and complement receptors or recruit host complement fluid phase regulatory proteins to the bacterial surface [26] [27] [28] [29] . One of these fluid phase regulatory proteins is the 105 kDa C1-inh, which is the major negative regulator of the CP and LP inactivating the proteases [30] . Various pathogens have been shown to express proteins that can bind C1-inh as a complement evasion strategy including Vag8 of Bordetella pertussis [28, 31] . Here, we characterized the underlying mechanism of complement evasion by B. pertussis Vag8. We show that Vag8 specifically targets the CP and the LP while the AP is unaffected. Both recombinant and endogenously secreted Vag8 inhibit complement deposition on the bacterial membrane, subsequently preventing bacterial complement-mediated killing. We identified a novel complement evasion strategy in which Vag8 interferes with the interaction of C1-inh with the C1 and MBL/ MASP complex proteases, leading to the release of active proteases, which cleave C4 and C2 away from the bacterial surface.
Results
The Vag8 passenger domain is secreted during liquid growth, binds C1-inh and mediates resistance to complement-mediated killing of B. pertussis It was previously shown that C1-inh binding to Vag8 of B. pertussis is linked to serum resistance. However, the molecular mechanism for this serum resistance was not investigated [7] . To study the complement evasion mechanism of Vag8, recombinant Vag8 was produced and circular dichromism spectroscopy was used to confirm correct folding of the protein in β-sheets (S1 Fig). We confirmed that Vag8 can bind to C1-inh using an ELISA based system (Fig 1A) . In addition to this previously described observation, we show that Vag8 binding to C1-inh is specific since no binding was detected to either the serpins alpha-1-antichymotrypsin and alpha-2-antiplasmin or the complement components C1, C2, C3 and C4 (Fig 1A) . Furthermore, using gel filtration, we show that Vag8 can form a stable complex with C1-inh in fluid phase (Fig 1B) which has not been shown before. The presence of C1-inh and or Vag8 in the appropriate single or complex peaks was confirmed using immunoblotting (S2 Fig).
As described previously, Vag8 is an autotransporter present on the outer membrane of B. pertussis as well as on OMVs. A previous study was unable to detect the secreted passenger domain of Vag8 indicating that the passenger domain of Vag8 would be retained on the bacterial surface [5] . To study the production of the passenger domain of Vag8 during liquid growth and to verify the involvement of Vag8 in serum resistance of B. pertussis, we constructed a vag8 mutant in a B1917 background (further referred to as B1917ΔVag8). B1917 is a recently circulating B. pertussis strain carrying the ptxP3 allele [32] . Analysis of the bacterial pellets, bacterial OMVs and bacterial supernatant by immunoblotting shows detection of full length Vag8 in the bacterial pellets of B1917 parent strain while there is no detectable Vag8 in the pellets of B1917ΔVag8 confirming the successful deletion of vag8 (Fig 1C) . In addition, the supernatant of B1917 shows the presence of full length Vag8, which is most likely present on OMVs, as well as the passenger domain of Vag8 (Fig 1C) which is in contrast to previously published The successful construction of the B. pertussis B1917ΔVag8 mutant strain was confirmed by immunoblot. No Vag8 could be detected in the pellet or the bacterial supernatant or OMV's of B1917ΔVag8. In addition, the B. pertussis wild type strain B1917 expressed both the full length Vag8 as well as the passenger domain in the supernatant. (D) Using ImageJ, the intensity of the Vag8 bands were semi quantified relative to known concentrations of recombinant Vag8. We show that 10 7 bacteria of the B1917 parental strain contain 10 μg/ml Vag8 and 10 9 bacteria secrete 5-10 μg/ml of full length and 1 μg/ml of passenger Vag8. Moreover, 10 μg/ml OMV contains 5 μg/ml of Vag8. (E) The B1917ΔVag8 mutant strain shows increased sensitivity to serum-mediated killing compared to the B1917 parent strain. Data shown in Fig  1A, 1D and 1E represent the mean ± SEM of three separate experiments while Fig 1B and 1C data [5, 6] . ImageJ was used to estimate the amounts of Vag8 present in the different B1917 parent strain fractions relative to known concentrations of recombinant Vag8. We show that 10 7 bacteria express around 10 μg/ml Vag8, 10 9 bacteria secrete around 5 μg/ml full length Vag8 and around 1 μg/ml passenger Vag8. Furthermore, 10 μg/ml of OMVs contain 5 μg/ml Vag8 ( Fig 1D) . Next, the involvement of endogenously secreted Vag8 in serum resistance of B. pertussis was analysed. As expected, decreased survival of B1917ΔVag8 was observed compared to the parent strain B1917 upon addition of increasing serum concentrations (Fig 1E) .
In conclusion, we verify that Vag8 binds to C1-inh and we show that this binding is specific and stable in fluid-phase. Next, we verify that bacterial Vag8 expression is involved in serum resistance of B. pertussis. Furthermore, we show that the Vag8 passenger domain is expressed and secreted by B. pertussis strain B1917 during liquid growth conditions.
Vag8 inhibits the CP and LP at the level of C4b and subsequent bacterial killing
To investigate the mechanism of action of Vag8 complement inhibition, the influence of recombinant Vag8 on the three different complement pathways was studied. We investigated the effect of Vag8 on C5b-9 deposition. Fig 2A and 2B show that Vag8 inhibits C5b-9 deposition via the CP and LP in a dose dependent manner, while the AP C5b-9 deposition was unaffected ( Fig 2C) .
To assess the effect of Vag8 in a more physiological setting, complement deposition was determined on B. pertussis strain B1917. Pertactin (Prn), known as a minor adhesin, is another autotransporter protein of B. pertussis with a structure and size similar to Vag8 [33] and was therefore taken along as a negative control. Bacteria were incubated with 1.25% normal human serum (NHS), where the CP and LP are mainly active, in the presence or absence of Vag8 or Prn. We determined the deposition of C4b, C3b and MAC (C5b-9). C4b is part of the CP and LP C4b2a C3 convertase which is formed upon cleavage of C4 by the C1 and MBL complex proteases C1s and MASP-2 following the recognition of antigen-antibody complexes by the C1 complex or of sugar patterns by the MBL/MASP complex respectively [14] . C3b is subsequently formed upon C3 cleavage by the C3 convertase (C4b2a) and gives rise to the AP C3 convertase (C3bBb) and subsequently to the CP and LP C5 convertase (C4b2aC3b) or AP C5 convertase(C3bBbC3b) eventually resulting in MAC (C5b-9) formation [14] . Flow cytometric data demonstrate that Vag8 inhibits C4b deposition (Fig 3A) on the bacterial membrane as well as subsequent C3b and C5b-9 deposition (Fig 3B and 3C) . No complement inhibitory effects of the negative control Prn were observed. To determine whether endogenous Vag8 secreted by B. pertussis can also mediate the observed decrease in complement deposition, supernatant was collected from the B1917 parent strain and B1917ΔVag8. As shown in Fig 1C, both full length Vag8 and the passenger domain of Vag8 were detected in the supernatant of the B1917 parent strain. We show, that the addition of supernatant of B1917 during opsonisation of B. pertussis results in significantly decreased C4b deposition compared to addition of supernatant of B1917ΔVag8 (Fig 3D) . This suggests that B. pertussis can make sufficient amounts of Vag8 to inhibit the complement system under physiological growth conditions. Moreover, C4b deposition was significantly decreased in the presence of OMVs derived from the B1917 parent strain compared to incubation with B1917ΔVag8 derived OMVs (Fig 3E) .
Since Vag8 has proven to efficiently inhibit complement deposition on a bacterial membrane, we subsequently studied the effect of Vag8 on bacterial killing using a luminescent Gram-negative Escherichia coli [34] , as well as traditional plating. Survival of the luminescent E. coli in 1.25% NHS with or without Vag8 and the negative control Prn was determined by monitoring the luminescent signal over time. A decreased luminescent signal, indicating bacterial killing, is observed over time in the presence of buffer or Prn, while upon addition of Vag8 binding to C1-inh results in C2 and C4 consumption Vag8 this killing is strongly inhibited (Fig 4A) . The inhibitory effect of Vag8 was lost in the presence of higher serum concentrations (5% NHS) (Fig 4B) , probably due to the involvement of the AP which Vag8 is not able to inhibit (Fig 2C) . In line with this hypothesis, the inhibitory effect of Vag8 is indeed clearly visible in the presence of 5% factor D deficient (fDd) serum in which the AP can no longer function ( Fig 4C) again showing that Vag8 inhibits the CP and the LP of the complement system. Using traditional serum killing, we also show clear inhibition of complement-mediated killing by recombinant Vag8 using fDd serum (Fig 4D) . Subsequently, we assessed the effect of endogenous Vag8 on bacterial killing by incubating E. coli with OMVs either derived from the B1917 parent or B1917ΔVag8 strain and human serum. We show that OMVs containing Vag8 significantly decrease complement-mediated killing of E. coli using both colony forming units (CFUs) (Fig 4D) and luminescence ( Fig 4E) as a readout. To determine the minimum amount of Vag8 needed to inhibit complement-mediated killing via the CP and LP, the serum killing experiment using luminescent E. coli was repeated using a concentration range of Vag8 and 1.25% fDd serum. We show that 7.5 μg/ml of Vag8 is sufficient to inhibit complement-mediated killing (Fig 4F) . Collectively, these data demonstrate that recombinant and endogenously secreted Vag8 inhibits the deposition of complement effector molecules on the bacterial surface and thereby prevents subsequent bacterial killing via the CP and LP.
Vag8 prevents binding of C1s, C1r and MASP-2 to C1-inh As previously described, Vag8 binds to C1-inh (Fig 1A and [7] ) and prevents complement deposition on the bacterial surface (Fig 3A-3E ). C1-inh belongs to the serine protease inhibitor superfamily and can inactivate and dissociate the proteases of the C1 and MBL/MASP complex [35] . The C1 complex consists of C1q and a dimer of the proteases C1s and a dimer of the protease C1r, whereas the MBL/MASP complex contains one MASP-1 and one MASP-2 homodimer [15, 16, 18, 20, 21] . Inactivation of C1s, C1r, MASP-1 and MASP-2 from their respective complexes occurs in a two-step manner. First, the reactive center loop mimics the protease's substrate. This loop is exposed at the surface of C1-inh and is recognized by the target protease. Subsequently, the target proteases cleave the center loop and trigger a molecular rearrangement. This results in the formation of a covalent bond between C1-inh and the active site serine of the protease, inactivating the latter [36] . To investigate the effect of Vag8 binding to C1-inh during bacterial opsonisation, we determined the levels of C1-inh in supernatants taken from B. pertussis incubated with NHS in the presence or absence of Vag8 or Prn using immunoblotting. We detected C1-inh (approximately 110 kDa) and C1-inh probably bound to C1s and/or C1r (approximately 150 kDa) (Fig 5A) [37] . Notably, upon the addition of Vag8 this 150 kDa band was strongly reduced indicating that Vag8 binding to C1-inh interferes with this interaction. We next used a purified system to investigate whether the observed 150 kDa band indeed corresponded to C1-inh binding to active C1s or C1r and whether Vag8 was responsible for the loss of protease binding to C1-inh. C1-inh was either incubated with molecular ratios of C1q, C1s or C1r in the presence or absence of Vag8 or Prn. As expected, both C1s and C1r bound to C1-inh while C1q did not (Fig 5B) . Moreover, we observed a clear inhibition of C1s binding to C1-inh and a full inhibition of C1r binding to C1-inh by addition of Vag8 (Fig 5B) . The negative control Prn did not show inhibitory properties. To assess the ability of Vag8 to prevent C1r and C1s binding to C1-inh in a more physiological setting, we analyzed C1r and C1s binding to C1-inh and C1 in the supernatant of bacteria opsonized with NHS in the presence or absence of Vag8 or Prn. We confirm the loss of C1r binding to C1-inh and show the loss of C1r binding to C1 in the presence of Vag8 (Fig 5C) . Moreover, the active form of C1r can be detected in the presence of Vag8 as can be expected in the absence of bound C1-inh. Detection of C1s yielded similar results (S3 Fig). Vag8 inhibits both the CP and the LP, hence, the effect of Vag8 on the binding of MASP-2 to C1-inh was additionally analysed in a purified system. Similar to the results of C1s and C1r binding to C1-inh, we show that the binding of MASP-2 to C1-inh is lost in the presence of Vag8 but not in the presence of Prn (Fig 5D) . In summary, we show that Vag8 effectively prevents C1s, C1r and MASP-2 binding to C1-inh.
Vag8 mediates consumption of the complement components C4 and C2
During complement activation, C2 is cleaved by C1s, MASP-1 and MASP-2, whereas C4 is cleaved by C1s and MASP-2 only. This cleavage is inhibited by C1-inh [14] . We investigated the effect of Vag8 binding to C1-inh on C2 and C4 cleavage in a purified system or in the presence of B. pertussis strain B1917. Addition of Vag8 to a purified system consisting of C1-inh, C1s and C2, results in increased cleavage of C2 (Fig 6A) . This increased cleavage was not observed by the addition of Prn. Vag8 alone was unable to cleave C2 (S4 Fig). To determine whether this phenomenon also occurs in the presence of bacteria, we incubated B. pertussis strain B1917 with NHS in the presence or absence of Vag8 or Prn. Supernatants were collected and C2, C4 and C3 cleavage was assessed. Increased cleavage of C4 (Fig 6B) and C2 (Fig 6C) in the supernatant of bacteria incubated with NHS and Vag8 was observed compared to the control situations. C3 cleavage in the presence of Vag8 remained comparable to bacteria alone or in the presence of Prn (Fig 6D) . Furthermore, to assess whether addition of Vag8 to NHS alone leads to increased C4 and C2 cleavage, we analysed the cleavage of C4 and C2 in NHS upon the addition of Vag8 or Prn compared to NHS with buffer. Fig 6E and 6F show that addition of Vag8 to NHS induced complete C4 and C2 consumption. To determine the minimum amount of Vag8 needed to fully cleave C4 and C2, the experiments mentioned above were repeated using a concentration range of Vag8. We show that 3.75 μg/ml of Vag8 is sufficient to lead to the complete degradation of C4 (Fig 7A) and C2 (Fig 7B) in the presence of bacteria. Moreover, incubation of NHS alone with 3.75 μg/ml or 7.5 μg/ml Vag8 results in full cleavage of C4 or C2 respectively (S5 Fig). In conclusion, these results indicate that low amounts of Vag8 binding to C1-inh, results in the consumption of C4 and C2 away from the bacterial surface and in NHS alone, whereas C3 cleavage remained constant.
Discussion
Whooping cough, the highly infectious respiratory disease caused by the human-specific B. pertussis, has been re-emerging in the past decades despite a high vaccine coverage [38] . The necessity of a novel improved vaccine has become evident and complement evasion molecules have been proposed as potential vaccine candidates [12] . The autotransporter Vag8 is one of these complement evasion molecules. Interestingly, it is also expressed more by emerging strains compared to older strains [8, 9] . Due to the presence of Vag8 on OMVs, which have been proposed as novel pertussis vaccines [6] , as well as its presence on the live attenuated pertussis vaccine BPZE1 [39] it is of great importance to unravel the complement inhibitory functions of Vag8 since this might have negative effects upon vaccination. The C-terminus of Vag8 has high sequence identity to other B. pertussis autotransporter proteins including Prn [40] . Previous data indicated that unlike most autotransporters [41, 42] , the passenger domain of Vag8 would not be cleaved [5] . Recently, Vag8 was described to be part of the B. pertussis secretome, with secreted levels being comparable to Prn and even higher than Ptx [43] . However, this recent paper does not specify whether the full length Vag8 was secreted or the passenger alone. Here, we show the presence of the passenger domain of Vag8 in the supernatant of B. pertussis strain B1917 with the correct predicted molecular weight. In addition, we also detect the full length Vag8 in the supernatant. This full length Vag8 is most probably present on OMVs. OMVs have previously been shown to be present in the supernatant of B. pertussis grown in Stainer and Scholte (SS) medium as well as to contain Vag8 [6, 44] .
Our results show that Vag8 of B. pertussis inhibits complement activation via the CP and LP, but not the AP. Multiple bacteria can inhibit the initiation of the CP by directly targeting the C1 complex. Staphylococcus aureus, for example, expresses microbial surface components that bind to the stalk region of C1q disrupting proper C1 complex formation [45] , whereas Borrelia burgdorferi expresses BBK32 which prevents the autoactivation of C1r and subsequent C4 and C2 cleavage [46] . Alternatively, the CP, but also the LP, can be inhibited by hijacking the host regulatory proteins C1-inh and C4b binding protein (C4bp) [28] . C1-inh prevents the activation of the CP and LP by inhibiting C1r and C1s as well as MASP-1 and MASP-2 activity respectively [16] . C1-inh is, for example, targeted by the outer membrane lipoprotein CihC of Borrelia recurrentis [47] . Data suggests that the interaction between C1-inh and this protein results in the recruitment of C1-inh to the bacterial surface leading to the local inactivation of C1s and C1r and thus complement inactivation [47] . Similar to other bacteria, B. pertussis is able to evade the complement system. Vag8, as well as Bordetella resistance to killing (BrkA), B. pertussis autotransporter protein C (BapC) and filamentous hemagglutinin (FHA), have been implicated to be involved in complement evasion by B. pertussis [7, [48] [49] [50] . FHA has been shown to bind C4bp, however, a physiological role for this binding remains to be investigated since a mutant strain lacking FHA was equally resistant to complement killing compared to the wild type strain [51] . Furthermore, the complement evasion mechanism of BrkA [48] and BapC [50] remain not fully understood. Vag8 of B. pertussis has previously been shown to bind C1-inh [7] and it was speculated that Vag8 would bind C1-inh to the surface of B. pertussis, thereby mediating serum resistance.
Here, we have unraveled the molecular mechanism by which Vag8 inhibits complementmediated lysis of B. pertussis. We show that Vag8 mediates complement evasion of the CP and LP via a previously undescribed mechanism. This novel complement evasion strategy involves the binding of Vag8 to C1-inh away from the bacterial surface. Binding of Vag8 to C1-inh interferes with the interaction of C1s, C1r and MASP-2 with C1-inh resulting in the fluid phase cleavage and consumption of C4 as well as C2. C4 and C2 are the two most important proteins for activation of the CP and the LP. We show that only 3.75 μg/ml of Vag8 is needed to result in complete degradation of C4 and C2 in the presence of bacteria (Fig 6F and 6G ) and that at least this amount of Vag8 is secreted by the bacteria and is present on OMVs (Fig 1D) . Next, we have shown that only 7.5 μg/ml of Vag8 is needed to prevent complement-mediated bacterial killing. In addition, several studies have shown that Vag8 is highly expressed by B. pertussis in vitro either under physiological conditions in several liquid media including Thalen-IJssel (THIJS) and SS media or during biofilm formation [5, 43, 52, 53] . Upon analysing the proteome of B. pertussis, the levels of Vag8 expression as well as secretion were comparable to Prn and even higher than Ptx [11, 43] . Furthermore, transcriptional analysis of B. pertussis shows that Vag8 is expressed in vivo upon infection [11, 54] . Pulmonary and systemic antibodies directed against Vag8 could be detected following a pertussis challenge [55] . Also human pertussis infection gives rise to antibodies directed against Vag8 indicating expression during infection [56] . Taken together, Vag8 is highly expressed in vitro and in vivo and a low amount of Vag8 is needed to prevent complement-mediated bacterial killing.
In line with our observations, it has been shown that in order for Vag8 to bind C1-inh the active serpin-domain conformation of C1-inh is required [31] which may explain the loss of C1s, C1r and MASP-2 binding to C1-inh that we observe in this study. Moreover, C1-inh deficiency in humans result in a disease called hereditary angioedema which is in part characterized by low serum levels of C4, similar to what we observe in the presence of Vag8 [57] . Taken together, we show that secreted Vag8, either present on OMVs or as passenger only, leads to C4 and C2 consumption away from the bacterial surface. This results in inhibition of complement deposition on the bacterial membrane and complement-mediated lysis (Fig 8) . While we cannot exclude a function for C1-inh binding to the surface of B. pertussis, we hypothesise that Vag8 binding to C1-inh away from the bacterial surface is very important for complement evasion. Complement consumption by a bacterial pathogen is not a new phenomenon since S. aureus staphylococcal immunoglobulin-binding as well as the metalloprotease aureolysin mediate C3 consumption subsequently inhibiting not only the CP and LP but also the AP [58, 59] . Vag8 induced complement consumption is solely detected at the level of C4 and C2, as C3 levels and cleavage were comparable in the presence or absence of Vag8, and hence is limited to the CP and LP, the most important pathways for eradication of B. pertussis [60] .
In the light of pertussis resurgence, novel vaccine components and strategies are being explored including the use of Vag8 [6, 12] . In a murine experimental model, vaccination with recombinant Vag8, giving rise to antibodies directed against Vag8, resulted in a nearly 10-fold reduction of bacterial load following a challenge [11] . In line with these findings, it was shown that the humoral response upon whole cell pertussis vaccination, but also natural infection, was mainly characterized by antibodies raised against Vag8 [6, 55] . As previously mentioned, 34% of the B. pertussis OMV protein content is Vag8 which might be even more according to Fig 1D. Therefore, it is not surprising that vaccination with OMVs also resulted in the production of antibodies directed against Vag8 [6] . The importance of these antibodies in a protective immune response might lie in the inhibition of the observed complement consumption here described. Nonetheless, it is important to keep in mind that vaccination with the passenger domain of Vag8, pertussis OMV's and the life attenuated pertussis vaccine BPZE1 that contain Vag8 could induce side effects as a result of local complement depletion and a potential vaccine antigen might have to be modified to avoid this. Blocking antibodies directed against Vag8 would render the bacteria vulnerable for complement-mediated killing hence resulting in a quicker clearance of the bacteria from the respiratory tract preventing successful infection.
In conclusion, we have unravelled the molecular mechanism of Vag8, a potent complement inhibitor secreted by B. pertussis. With this molecular mechanism more insight is gained into the host-pathogen interaction, which could be used to improve the current pertussis vaccines.
Materials and methods

Bacterial strains and growth conditions
All bacterial strains used in this study are shown in Table 1 . B. pertussis strains were grown at 35˚C, 5% CO 2 on Bordet Gengou (BG) plates containing glycerol and 15% defibrinated sheep blood (BD Biosciences). After three to five days of culture, the bacteria were collected in PBS (Gibco), and the optical density (OD) was measured at 600 nm. For liquid growth, B. pertussis was first grown on plate as described above, subsequently the bacteria were suspended in chemically defined THIJS medium [61] with a start OD of 0.05 and grown ON at 35˚C shaking In the absence of Vag8, C1 and MBL/MASP complexes are formed on the bacterial surface which results in the activation of the CP and LP proteases. These proteases cleave C4 and C2 and give rise to the C3 convertase (C4bC2a). Any C1s, C1r, MASP-1 or MASP-2 not part of a bacterial surface bound complex remains inactive by association with C1-inh and hence free intact C4 and C2 is available for recruitment upon complement activation on bacteria. (B) In the presence of Vag8, either the secreted passenger or as part of an OMV, the interaction between C1s, C1r, MASP-1 or MASP-2 and C1-inh is interrupted as Vag8 hijacks this inhibitor. This results in the presence of active proteases in the bacterial environment which cleave and hence deplete the free C4 and C2. The lack of C4 and C2 to be cleaved and deposited on the bacterial membrane upon recognition of B pertussis by C1 and MBL complexes will lead to decreased complement deposition on the surface of B. pertussis and subsequent bacterial killing. Epithelial cells were adapted from Servier Medical Art, provided by Servier under a CC-BY 3.0 license (available at: http://www. servier.com/powerpoint-image-bank).
https://doi.org/10.1371/journal.ppat.1006531.g008
Vag8 binding to C1-inh results in C2 and C4 consumption at 130 rpm. E. coli was grown on LB agar plates or in LB broth with appropriate antibiotics over night at 37˚C.
Recombinant production of histidine-tagged Vag8 passenger domain and MASP-2
The passenger domain of Vag8 (Val40-Leu610) was cloned from B. pertussis strain B1917 (accession number: CP009751) using primers listed in Table 2 (Vag8P-Forward and Vag8-P-Reverse). The PCR fragment containing a BamHI and NotI restriction site was cloned in pRSETb N-his as described previously [65] with minor modifications. In short, proteins were expressed using a slightly modified pRSET-B vector, adding a non-cleavable 6 residue HIS-tag (MHHHHHHGS) to the N-terminus of the protein. The sequenced plasmid, pRSETB:Vag8 was transformed into E. coli C41 (DE3) (Lucigen). A single colony was picked and grown in LB broth to an OD660 of 0.6. Expression was induced by addition of 1 mM Isopropyl β-d-1-iogalactopyranoside (IPTG). The histidine-tagged Vag8 passenger was purified under denaturing condition using a HiTrap chelating HP column (GE healthcare life sciences) and eluted using an imidazole gradient. Vag8 passenger was refolded as described previously [7] . Briefly, urea was removed by dialysis to PBS. The correct folding of the passenger was assessed using circular dichroism spectroscopy [66] . MASP-2 was cloned using primers listed in Table 2 (MASP2-forward and MASP2-reverse). The PCR fragment containing a XbaI and EcoRI Vag8 binding to C1-inh results in C2 and C4 consumption restriction site was cloned in pRSETb N-his as described above. The sequenced plasmid, pRSETB:MASP-2 was transformed into E. coli BL21 and expression and purification of MASP-2 was performed as described above.
Generation of B. pertussis Vag8 knock-out strain
The construction of a Vag8 knock-out strain was performed as previously described [67] . Briefly, a fragment of 1000 base pairs downstream vag8 was amplified using primers Vag8_1_F and Vag8_1_R and a fragment of 887 base pairs upstream of vag8 was amplified using primers Vag8_2_F and Vag8_2_R (primers are listed in Table 2 ). The DNA was cloned into plasmid pGEM-T (according to the manufacturer's instructions) (Promega) resulting in the plasmid pGEM-T::Vag8. Subsequently, a kanamycin resistance gene cassette was cloned into the SalI restriction site resulting in pGEM-T::Vag8::KAN. Then, the Vag8::KAN construct was cloned into pSS1299 [62] resulting in pSS1299::Vag8::KAN and subsequently transformed in E. coli strain SM10. The latter plasmid was used to replace vag8 by the kan gene into B1917 by allelic exchange [62] . Correct insertion was analysed by PCR and loss of Vag8 expression was confirmed by immunoblotting as described below using 1μg/ml of polyclonal rabbit anti-Vag8 antibody. The Vag8 antibody was produced by Genscript via their New PolyExpress basic package using the following peptide: CGNMGGRVDAGARQY (GenScript).
Collection of bacterial supernatant and OMVs
B. pertussis wild type B1917 or the isogenic B1917ΔVag8 mutant were grown over night in THIJS medium and the supernatant was obtained by centrifugation of the bacterial suspension at 2000g for 10 minutes at room temperature. The supernatant was subsequently filtered over a 0.22 μm filter (Millipore). Bacterial supernatant was concentrated 50x for the complement deposition assays or 100x for immunoblot analysis using an Amicon Ultra-15 centrifulgal filter units with Ultracel-50 membrane (Millipore). OMVs were prepared as previously described [68, 69] . The presence or absence of Vag8 in the supernatants and OMVs was visualized by immunoblotting using 1 μg/ml polyclonal rabbit anti-Vag8 antibody as described below.
Ethics
The study was conducted using blood donation from healthy adults for serum collection. The study was conducted according to the principles expressed in the Declaration of Helsinki and written informed consent was obtained from all blood donors before collection and anonymous use of their samples. Approval was obtained from the medical ethics committee of the UMC Utrecht.
Serum
NHS was prepared by drawing blood from 20 healthy volunteers. Blood was collected in glass vacutainers (BD biosciences) and allowed to clot for 15 min at room temperature. Serum was collected after centrifugation for 10 min at 1000g at 4˚C, pooled and subsequently stored at −80˚C. The fDd serum was obtained from Complement Technology.
Complement-mediated killing of B. pertussis and E. coli
To assess complement-mediated killing of B. pertussis strain B1917 and B1917ΔVag8, 10 5 live bacteria taken from BG agar plates were incubated with different concentrations of NHS (10-0%, 3-fold) for 60 minutes at 37˚C, 5% CO 2 in 96-well round bottom plates in DMEM medium (Gibco). Bacteria were subsequently plated in duplicate on BG agar plates and CFUs were counted on day four and the log of the counted CFUs was graphically displayed. To determine bacterial killing, E. coli strain MG1655 lux genes was used (as described by [34] ) which is luminescent when metabolically active. The bacteria were grown over night in liquid medium and subsequently diluted to reach mid-exponential phase (OD660 0.5). Bacteria were washed in RPMI supplemented with 0.3% HSA (RPMI-HSA) and diluted to an OD660 of 0.1 after which 1.25 or 5% NHS or fDd serum and 60 μg/ml Vag8, 60 μg/ml Prn, 30 μg/ml OMVs derived from B1917 or B1917ΔVag8 or buffer were added. Luminescence was monitored over time using the Clariostar (BMGlabtech). To determine bacterial killing of E. coli strain MG1655, the bacteria were grown over night in liquid medium and subsequently diluted to reach midexponential phase (OD660 0.5). Subsequently bacteria were diluted to 2 x 10 4 bacteria per ml and incubated with 1% of fDd serum and 60 μg/ml Vag8, 30 μg/ml of B1917 or B1917ΔVag8 derived OMVs. Bacteria were subsequently plated in duplicate on LB agar plates overnight and (CFU) were counted, the log of the counted CFUs was graphically displayed.
ELISAs
To determine Vag8 binding to C1-inh, C1, C2, C3, C4 (all obtained from Complement Technology, Tyler, Texas, USA), alpha-1-antichymotrypsin (Biocentrum) and alpha-2-antiplasmin (Calbiochem), these proteins were coated on Immunolon plates over night at 4˚C (all 3 μg/ml in PBS). All further steps were performed at 37˚C, plates were washed 3 times with PBS with 0,05% T (PBS-T) between different steps. Plates were blocked by addition of PBS-T and 4% BSA (Serva) for 1 hour, followed by the addition of a three-fold concentration range of Vag8 starting at 30 μg/ml for 1 hour. Binding of Vag8 was detected by 1 μg/ml mouse-anti-6xhis (Hytest) followed by 0.2 μg/ml HRP-conjugated goat-anti-mouse secondary antibody (Southern Biotechnology Associates Inc). Complement ELISAs were performed as previously described [70] with minor modifications. For the CP and LP ELISA 1.25% NHS was used, whereas 40% NHS was used for the AP ELISA. The deposition of C5b-9 was detected using 1 μg/ml anti-C5b-9 (Abcam). Subsequently,0.2 μg/ml goat-anti-mouse-IgG-peroxidase(PO)-conjugated (Southern Biotechnology Associates Inc) was used for detection of anti-C4d and anti-C5b-9 while 0.125 μg/ml anti-DIG PO (Roche) was used for detection of anti-C3c. For both ELISA assays after final washes, HRP activity was detected by addition of TMB containing substrate solution, H 2 SO 4 and subsequently read by an ELISA microplate reader (Bio-rad).
Gel filtration chromatography
Gel filtration chromatography was performed to assess binding of Vag8 and C1-inh in fluid phase. 1 μM Vag8 and 1 μM C1-inh in PBS were run alone and together on the Superdex 200 increase 10/300 GL (GE Healthcare) connected to the Ä KTA-explorer (GE Healthcare).
Complement activation on a bacterial surface
To determine the levels of complement deposition on a bacterial surface, heat inactivated B. pertussis B1917 (B1917) was used. Either Vag8 (60 μg/ml unless otherwise indicated) or Prn (60 μg/ml) (Sanofi), bacterial supernatant (50x concentrated) or OMVs (20 μg/ml) derived either from B1917 or B1917ΔVag8 was pre-incubated with 1.5% NHS in RPMI-HSA for 10 minutes after which 2x10 7 bacteria were added and opsonisation was allowed to take place for 10 minutes (C2 detection) or 30 minutes (C4, C3 and C5b-9 detection) at 37˚C 600 rpm. Subsequently, bacteria were spun down and supernatant was collected and mixed with equal volumes of 2X sample buffer(SB)containing 50 mM Dithiothreitol (SB-DTT) (Sigma) for complement protein detection by immunoblot as described below or bacteria were used for FACS analysis. For FACS analysis, the bacteria were washed with FACS buffer (PBS + 0.05% HSA) and complement deposition was determined using mouse-anti-human-C3b-FITC (3 μg/ml, Protos Immunoresearc), mouse-anti-human-C5b-9 (1 μg/ml, aE110, Santa Cruz) labelled with Alexa647 AlexaFluor 647 Antibody Labeling Kit, Molecular Probes by Life Technologies) or with mouse-anti-human-C4d (3 μg/ml, Quidel) followed by goat-anti-mouseIgG-FITC (10 μg/ml, Dako, Santa Clara, CA, USA) at 4˚C. Bacteria were fixed using 1.5% PFA, visualized using the FACSVerse (BD Biosciences) and analysed using FlowJo (Tree Star).
Complement assay with purified components
C2 cleavage by C1s in the presence of C1-inh was analysed by incubating of C2 (50 μg/ml, Complement Technology), Vag8 (60 μg/ml), C1-inh (15 μg/ml Complement Technology) and C1s (0.15 μg/ml Complement Technology) for 30 minutes at 37˚C. The reaction was stopped by addition of equal amounts of 2x SB and samples were boiled for 10 minutes. Samples were subjected to SDS-PAGE and visualized by Instant Blue (Gentaur) staining. To investigate the effect of Vag8 (20 μg/ml) on C1q (32 μg/ml, Complement Technology), C1s (6 μg/ml, Complement Technology), C1r (6,25 μg/ml, Complement Technology) and MASP-2 (6 μg/ml) binding to C1-inh (8 μg/ml, Complement Technology) in fluid phase, C1-inh was pre-incubated with or without Vag8 or Prn for 10 minutes at RT after which the protein of interest was added for 30 minutes at 37˚C. The reaction was stopped by addition of 2x SB DTT and the effect was assessed by immunoblotting as described below by using anti-C1-inh (Sino Biologicals).
Immunoblotting
All samples mixed with 2x SB or SB-DTT were boiled for 10 minutes, run on SDS-PAGE gels and transferred to PVDF membranes.Membranes were blocked with 4% skimmed milk in PBS-T and then incubated with a primary antibody either directed against C1-inh (0.3 μg/ml, rabbit-anti-human, Sino Biologicals, Beijing, China), C1r (1 μg/ml, goat-anti-human, R&D systems), C1s (2 μg/ml, goat-anti-human, Nordic Immunology), C1q (1 μg/ml, rabbit-antihuman, Dako), C4 (0.5 μg/ml, goat-anti-human, Complement Technology), C2 (3.3 μg/ml, Complement Technology) or C3 (2 μg/ml, goat-anti-human, Complement Technology). Subsequently the blots were incubated with the appropriate secondary antibody, goat-anti-rabbitIgG-PO (0.5 μg/ml, Southern Biotechnology Associates Inc) or donkey-anti-goat-IgG-PO (0.5 μg/ml, Southern Biotechnology Associates Inc). All Antibodies were diluted in PBS-T-1% skimmed milk. For detection, the Pierce ECL Western Blotting Substrate (Thermofisher Scientific) was used and visualized using the ImageQuant (GE Life Sciences).
Statistical analysis
Statistical analyses were performed using GraphPad Prism 6.02 and the differences between groups were analyzed for significance using the two-tailed Student's t-test. A p value of 0.05 was considered statistically significant. 
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